In contrast, oligodendrocyte death was prevented at both time points in Bax؊/؊ mice. When cultured oligodendrocytes were exposed to staurosporine or cyclosporin A, drugs known to stimulate apoptosis in oligodendrocytes, those from Bax؊/؊ mice but not from Bax؉/؉ or Bax؉/؊ mice were resistant to the apoptotic death. In contrast, the three groups were equally vulnerable to excitotoxic necrosis death induced by kainate. On the basis of these data, we hypothesize that the Wallerian degeneration of white matter axons that follows SCI removes axonal support and induces apoptotic death in oligodendrocytes by triggering Bax expression.
Introduction
Spinal cord injury (SCI) produces a secondary protracted wave of oligodendrocyte death in degenerating white-matter tracts distant from the injury site for weeks after the initial event (Crowe et al., 1997; Liu et al., 1997; Shuman et al., 1997; Abe et al., 1999; Li et al., 1999; Springer et al., 1999; Casha et al., 2001) . When judged primarily by anatomical criteria (for review, see Beattie et al., 2000) , the predominant type of oligodendrocyte death appears to be apoptosis.
Genetically altered mice provide a powerful tool for examining the mechanisms of oligodendrocyte death after SCI. Here, we use Wld s (Wallerian degeneration, slow) mice (Perry et al., 1989 (Perry et al., , 1990 Brown et al., 1991 Brown et al., , 1992 Ludwin and Bisby, 1992; Zhang et al., 1996 Zhang et al., , 1998 Zhang and Guth, 1997; Gillingwater and Ribchester, 2001 ) and Bax-deficient (BaxϪ/Ϫ) mice (Knudson et al., 1995; Deckwerth et al., 1996; White et al., 1998; Martin and Liu, 2002) in a lateral cord hemisection model of SCI to test the hypothesis that the protracted wave of apoptotic death of oligodendrocytes may be dependent on axonal degeneration and Bax activation.
Wld s is an autosomal dominant single-gene mutation in the C57BL/6J mouse that associates with a remarkable delay in the onset of Wallerian degeneration in damaged axons. In normal mice, Wallerian degeneration begins 1-2 d after axotomy. In Wld s mice, the distal ends of severed axons survive and function for 2-3 weeks, and the damaged axons continue to generate action potentials and exhibit axonal transport (Perry et al., 1989 (Perry et al., , 1990 . Because axon-derived factors are thought to be important for oligodendrocyte viability (Barres et al., 1993) , we hypothesized that the persistence of functional but severed axons in Wld s mice after hemisection would prevent the delayed death of oligodendrocytes distant from the injury site, but this effect would be transient and eventually the oligodendrocytes would die in association with the expected long-term loss of severed axons in Wld s mice. Bax is a member of the Bcl-2 family of cell death regulators, and it is implicated as a key promoter of programmed cell death (apoptosis) (Boise et al., 1993; Chittenden et al., 1995; Korsmeyer, 1995; Yang et al., 1995; Chen et al., 1997; Schlesinger et al., 1997; Korsmeyer, 1999) . The Bax gene plays an important role in developmental cell death (Chittenden et al., 1995; Mosinger Ogilvie et al., 1998) and in CNS injury (Gillardon et al., 1995; Krajewski et al., 1995; Antonawich et al., 1998; Lou et al., 1998; Bar-Peled et al., 1999) . Apoptosis and the neuronal cell loss that occurs during normal nervous system development and in response to trophic factor deprivation is attenuated in BaxϪ/Ϫ mice (Deckwerth et al., 1996; White et al., 1998) . However, the role of Bax expression in oligodendrocyte survival and death is unknown.
Here, we investigate the death of oligodendrocytes after spinal cord hemisection in both normal and mutant mice that carry the Wld s mutation, or Bax-deficient mice by comparison of quantitative analysis of numbers of oligodendrocytes and neurons rostral and caudal to the injured hemisection side, compared with the noninjured contralateral side as a function of time after injury (8 vs 30 d survival). In addition to these genetic determinants, we also examined expression of anti-activated caspase-3 and ultrastructural features of the oligodendrocyte death.
Materials and Methods
Experimental animals. For in vivo studies, 75 adult mice 9 -14 weeks of age weighing 25-30 gm each were used: 27 C57BL/6J mice from Harlan (Indianapolis, IN), 24 Wld s C57BL/6J mice from Harlan Olac (Bicester, UK), and 14 BaxϪ/Ϫ mice and 10 Baxϩ/ϩ mice (provided by S.K.) were purchased from Jackson Laboratory (Bar Harbor, ME). Using a Baxtargeting vector, S.K.'s group substituted PGK-Neo for exons 2-5, deleting BH1, BH2, and the capacity for a functional Bax protein. Two of 89 G418-resistant clones underwent homologous recombination in RW-4 embryonic stem cells. The disrupted Bax allele was ultimately transmitted through the germ line. Heterozygous mice appeared normal, and mating resulted in the expected Mendelian frequency of BaxϪ/Ϫ mice that grew to adulthood and were externally indistinguishable from wildtype mice (Knudson et al., 1995) . An additional 16 mouse pups (4 BaxϪ/Ϫ, 5 BaxϪ/ϩ, 7 Baxϩ/ϩ) were used as sources of cultured oligodendrocyte.
Surgical procedures. Mice were anesthetized with a ketamine-medetomidine (25 mg per 0.5 mg) mixture of 1.25 ml/kg, and the skin overlying the thoracic cord was shaved and disinfected with benzalkonium chloride. After the thorax was incised along the midline, the T9 vertebrae were laminectomized to expose the spinal cord. With a scalpel, the cord was transected on the right side only (Kalderon and Fuks, 1996) . The wound was sutured-closed in layers. During surgery, the rectal temperature was maintained at 37 Ϯ 0.5°C by a thermostatically regulated heating pad (Versa-Therm 2156; Cole-Parmer, Chicago, IL). During recovery, the mice were placed in a temperature-and humidity-controlled chamber (Thermocare, Incline Village, NV). All surgical interventions and animal care were provided in accordance with the Laboratory Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals (National Institutes of Health), and Guidelines and Policies for Rodent Survival Surgery (Washington University School of Medicine Animal Studies Committee). In mice with compromised bladder function (a rare complication), the bladder was expressed manually three times daily until the emptying reflex was established.
Lateral vestibulospinal tract labeling. Deeply anesthetized animals (8 Wld s and 8 C57BL/6J) were placed in a mouse stereotaxic frame (Stoelting, Wood Dale, IL), and the right lateral vestibular nucleus was injected with 1 l of biotin-dextran-amine (BDA; 10,000 molecular weight) using the following coordinates from bregma: anteroposterior, 6.0 mm; lateral, 1.2 mm; dorsoventral, 2.7 mm. Five days after BDA injection, the right cord was hemisected; the mice were killed 8 d after hemisection. The vestibulospinal projections were visualized immunohistochemically using methods described previously (Herzog and Brosamle, 1997) . The animals were perfused with rinse buffer, 0.1 M PBS (0.9% NaCl), containing 100,000 IU/l of heparin and 0.25% NaNO 2 . They were then perfused with 4% paraformaldehyde in 0.1 M PBS for 5 min. Finally, they were perfused with the same fixative containing 5% sucrose for an additional 5 min. Brains and spinal cords were removed rapidly, postfixed for 2 hr, and kept overnight in 0.1 M PBS containing 30% sucrose. Twenty-five micrometer longitudinal horizontal sections of T6 -T12 spinal cord were cut using a cryostat. For diaminobenzidine (DAB) staining, the sections were first washed in 50 mM Tris-buffered saline (plus 1.5 T, pH 8.0) containing 0.5% Triton X-100 (TBST) three times for 30 min each. The sections were incubated overnight at 4°C with avidin-biotin-peroxidase complex (ABC Elite Kit; Vector Laboratories, Burlingame, CA) in TBST buffer, washed three times for 30 min in TBST, and then reacted with 0.5% DAB (Sigma, St. Louis, MO) and 0.01% H 2 O 2 in 0.1 M PB. The reaction was monitored with a microscope and stopped by extensive washing in PBS. Sections were counterstained with cresyl violet.
Immunohistochemical staining. Eight or 30 d after hemisection, 32 animals (10 Wld s and 10 C57BL/6J for the 8 d time point; 6 Wld s and 6 C57BL/6J for the 30 d time point) were deeply anesthetized with sodium pentobarbital (50 mg/kg) and perfused transcardially with heparinized saline, followed by 4% paraformaldehyde in 0.1 M PB, pH 7.4. Spinal cords were removed and stored in the same fixative for 3 hr at 4°C and kept overnight in 30% sucrose in PBS buffer. Spinal cords were embedded in OCT compound (Tissue-Tek, Torrance, CA) and frozen in dry ice; 25 m sections were taken on a cryostat in the horizontal plane and mounted on gelatin-coated slides. Sections were washed three times with 0.01 M PBS, permeabilized for 10 min using 0.3% Triton X-100 in PBS, and preincubated in 5% normal horse serum. Primary antibodies included caspase-3 (1:200, rabbit polyclonal, PharMingen, San Diego, CA; 1:500, rabbit polyclonal, Serotec, Raleigh, NC), adenomatous polyposis coli CC-1 (APC CC-1) (1:400, mouse monoclonal, Calbiochem, Oncogene Sciences, La Jolla, CA), and neuronal-specific nuclear protein (NeuN) (1:500, mouse monoclonal, Chemicon, Temecula, CA). The antibodies were applied for 24 hr at 4°C, followed by 2 hr incubation in biotinylated anti-mouse or rabbit IgG. Immunoreactivity was visualized by using either an avidin-biotin complex (ABC Elite Kit; Vector Laboratories) and DAB or cyamine dye (Cy3)-conjugated donkey anti-rabbit secondary antiserum (1:400; Jackson ImmunoResearch, West Grove, PA) for immunofluorescence.
Transmission electron microscopy. Eight days after hemisection, three C57BL/6J mice were perfused with 2.5% paraformaldehyde and 2.5% glutaraldehyde in PBS, pH 7.4. The 1 cm span of spinal cord surrounding the hemisection was sectioned with a vibratome (500 m thickness). Tissue sections were postfixed in 1% osmium tetroxide in phosphate buffer, pH 7.4. After being rinsed in buffer only, the sections were dehydrated in a graded series of ethanol, cleared in propylene oxide, and embedded in Polybed 812 (Polysciences, Warrington, PA). Semithin (1 m) and ultrathin (75-90 Å) sections were taken on a Leica Ultracut E ultramicrotome (Leica, Deerfield, IL). Ultrathin sections were mounted on 200-mesh grids and stained with 3% uranyl acetate for 20 min and then lead citrate for 5 min. The stained sections were examined and photographed on a Jeol (Peabody, MA) 100Cϫ electron microscope.
Counting cells and fibers. APC CC-1 immunoreactive oligodendrocytes in lateral white matter and NeuN-immunoreactive neurons in gray matter were counted in 25 m thick horizontal longitudinal sections. Nine sections from dorsal, intermediate, and ventral levels (three sections from each level; 150 -200 m between each level) were chosen from each animal. In each section, counts were obtained from regions that were 2-7 mm rostral and caudal to the center of the transection site (total, 10 mm) (see Fig. 1 A) . The 2 mm segments adjacent to the hemisection were excluded because of nonuniformity in cord continuity and the presence of pan-necrosis. Each 1 mm segment was a measuring unit, and two fields per segment were counted under 20ϫ magnification (0.5 mm 2 fields were counted in each 1 mm segment). The numbers of APP CC-1 or NeuN in the nine sections were averaged.
Lateral vestibulospinal tract (LVST) fibers and related glia were counted in horizontal longitudinal sections labeled with BDA and were stained with Nissl. First, we counted the BDA-labeled cells in the right lateral vestibular nucleus in both the experimental and control animals. For subsequent analyses of the lateral vestibulospinal tract and glia, we selected only those animals that had similar numbers of labeled cells in the lateral vestibular nucleus. From 16 animals, only 8 (4 Wld s and 4 C57BL/6J) qualified for additional investigation. We analyzed three sections from the right lateral vestibulospinal tract from each animal. All BDA-filled fibers and related glia in rostral and caudal regions that were within 5 mm from the injury epicenter were counted under 20ϫ magnification. Two individuals blinded to the group conditions independently replicated all counts, and the data were averaged.
Oligodendrocyte cultures and toxicity experiments. Oligodendrocytes from the meninges-free forebrain of postnatal day (P) 2 mice were plated onto an astrocyte monolayer in a single step, as described previously (McDonald et al., 1996 (McDonald et al., , 1998 . Tissue from individual genotyped mice was minced into 1 mm cubes and incubated in 0.25% trypsin in HBSS (Invitrogen, San Diego, CA) for 30 min at 37°C. After the mixture was centrifuged for 5 min at 500 gm, the supernatant was discarded and the pellet was resuspended. Cells were plated into 24-well primaria plates (two hemispheres per plate) with medium containing MEM, Earle's salts, 10% heat-inactivated fetal bovine serum, 10% horse serum, and 15 ng/ml of basic fibroblast growth factor. The latter (15 ng/ml) was included in the oligodendrocyte-plating medium for 7 d in vitro (DIV) to promote cell division and inhibit differentiation of oligodendrocyte progenitor cells (Bogler et al., 1990; McKinnon et al., 1990) .
After maintaining the mixed oligodendrocyte-astrocyte cultures for 12-14 DIV, we exposed sister cultures to 10 nM staurosporine, 20 M cyclosporin A, or 300 nM kainate in medium stock (MEM with added glucose and bicarbonate buffer) for 24 hr at 37°C as described previously (McDonald et al., 1996) . Each experiment was repeated three times. Cyclosporin A was a gift from Sandoz (Basel, Switzerland) and was prepared as 30 mM stock in DMSO.
Oligodendrocyte survival or death was assessed by comparing the number of viable galactocerebroside (Gal-C)-immunoreactive cells present after the injury paradigm with the number present in shamwashed sister cultures (controls). Anti-Gal-C immunoreactivity (mouse IgG 1 , 1:100; Boehringer Mannheim, Indianapolis, IN) was measured as described previously (McDonald et al., 1996) . Viable Gal-C ϩ cells were defined as Gal-C ϩ cell bodies with two or more processes, the lengths of which equaled or exceeded the diameter of the cell body (McDonald et al., 1998) . Ten adjacent fields were counted in each well at 400ϫ magnification. Cell death was confirmed indirectly using dye exclusion (propidium iodide, 5 g/ml for 10 min).
Bax genotyping (ϩ/ϩ, ϩ/Ϫ, Ϫ/Ϫ) was completed with standard techniques using tail clippings from P1 littermates as described previously (Deckwerth et al., 1996) . Briefly, tail DNA was prepared and typed by a single PCR using a set of three primers: Bax exon 5 forward primer (5Ј-TGATCAGAACCATCATG-3Ј), Bax intron 5 reverse primer (5Ј-GTTGACCAGAGTGGCGTAGG-3Ј), and Neo reverse primer (5Ј-CCGCTTCCATTGCTCAGCGG-3Ј). Cycling parameters were 5 min at 94°C for one cycle, and 1 min at 94°C, 1 min at 55°C, and 1 min at 74°C for a total of 30 -35 cycles. PCR products were sequenced to ensure correct genotyping of the Bax-deficient animals.
Statistical analysis. All in vivo data were analyzed using ANOVA. The investigated areas (hemisection side: rostral 3-7 mm, caudal 3-7 mm segments; intact side: rostral 3-7 mm, caudal 3-7 mm segments) were used as the between-group factors. All post hoc analyses used the Fishers protected least significant difference (PLSD) test. A result was considered significant when p Ͻ 0.05 (two-tailed).
Results

Delayed apoptotic death of oligodendrocytes occurs after hemisection SCI in mice
In Nissl-stained sections, a connective tissue scar was seen around the hemisection site in all groups of mice. In C57BL/6J mice, the lesion was hypervascularized and composed predominately of large macrophages and fibroblasts, as noted in previous studies of rodent SCI (Zhang et al., 1996; Schwab and Bartholdi, 1997) (Fig. 1B) .
Previous studies of contusion SCI in rats have detected a protracted wave of oligodendrocyte death occurring primarily by apoptosis (Crowe et al., 1997; Liu et al., 1997; Shuman et al., 1997; Emery et al., 1998; Abe et al., 1999; Casha et al., 2001) . In the present study, cell death was examined 8 d after hemisection at the T9 level, because that time point coincides with the peak of delayed oligodendrocyte death in the rodent contusion injury models (Liu et al., 1997) . The current data on anti-activated caspase-3 immunohistochemistry and ultrastructural assessment suggest that delayed death of oligodendrocytes also occurs in the mouse spinal cord 8 d after hemisection (Fig. 2) . Eight days after T9 segment hemisection in C57BL/6J mice, we found that antiactivated caspase-3 staining was expressed in oligodendrocytes Figure 1 . A, Schematic horizontal longitudinal section illustrating the injury resulting from a lateral spinal cord hemisection at the T9 level. All cell counts were measured in the rostralcaudal areas of the lateral white or gray matter outside the immediate pan-necrosis epicenter area surrounding the hemisection. B, Representative Nissl-stained horizontal longitudinal section at the injury epicenter from adult C57BL/6J mice, whose spinal cord was hemisected on the right side 8 d previously. The long line represents hemisection location. Within the dashed lines is the injury epicenter, which represents a distance of ϳ1-2 mm on either side of the hemisection site. Analysis was performed on animals with confirmed complete hemisection. Scale bar: (in B) 100 m.
that were 3-7 mm rostral and caudal to the hemisection epicenter center but not in those on the intact side of the cord or in control sections without primary antibody (Fig. 2 A) . From doublelabeling APC CC-1 and activated caspase-3, we found that ϳ10 -15% of APC ϩ oligodendrocytes express activated caspase-3 at 8 d after injury (Fig. 2 B, C) . However, expression of activated caspase-3 was not present in APC ϩ oligodendrocytes from BaxϪ/Ϫ mice at 8 d (Fig. 2 D) after injury. Anti-activated caspase-3 expression is an accurate predictor of cell death in this model, because histological examination 30 d after injury detected substantial additional oligodendrocyte cell loss in areas expressing anti-activated caspase-3 (Fig. 3A) . In addition, ultrastructural examination demonstrated prominent apoptotic features in white-matter oligodendrocytes that were 5-7 mm from the lesion epicenter (Fig. 2 E, F ) . Dying oligodendrocytes contained highly condensed chromatin masses, intact cell membranes, shrunken cytoplasm, apoptotic bodies, and associated myelin products. However, infiltration of macrophages and neutrophils was not evident in white matter at these distal sites.
Reduced oligodendrocyte death in Wld s mice Two discrete regions of cell death were evident in the hemisected cords of mice. The epicenter area (1-2 mm) surrounding the hemisection exhibited signs of pan-necrosis, with loss of both oligodendrocytes (APC ϩ cells) and neurons (NeuN ϩ cells) (Bhat et al., 1996; Wolf et al., 1996; McDonald et al., 1999) . Similar patterns of pan-necrosis cell death were seen in C57BL/6J mice and Wld s mice at the hemisection level, and we therefore did not quantify and compare within this zone. In contrast, selective loss of oligodendrocytes was observed in a second region that lay 3-7 mm from the hemisection epicenter in C57BL control mice at 8 d. In C57BL/6J mice, APC ϩ cell counts 8 d after injury were significantly less on the injured side in lateral white-matter columns than on the intact contralateral side for up to 5 mm from the injury epicenter ( p Ͻ 0.01; two-way ANOVA) (Figs. 4B, 5A ). The number of NeuN ϩ cells (neurons) did not decrease in the second area (4 -7 mm from the lesion site) in the gray matter of C57BL/6J mice (Fig. 6 A) .
In contrast, little loss of APC ϩ oligodendrocytes was evident in the white-matter zone distal to the hemisection in Wld s mice, and numbers of APC ϩ oligodendrocytes were similar on the hemisected and intact contralateral sides of the cord ( p Ͼ 0.05) (Figs. 4C, 5B) . Intergroup comparisons demonstrated a substantial preservation of APC ϩ cells on the injured side when Wld s mice were compared with C57BL/6J mice ( p Ͻ 0.05) (Fig. 5C ).
The two groups did not differ significantly in the number of (Fig. 5A) 
APC
ϩ cells in the intact side of the cord (Fig. 5D ). We confirmed that loss of APC staining represents oligodendrocyte cell death, rather than mere downregulation of APC expression which has been noted previously after optic nerve transection (Friedman et al., 1989; Daston and Ratner, 1994) , by analyzing two other oligodendrocyte markers, anti-receptorinteracting protein (RIP) and anti-myelin basic protein (MBP). Qualitative results similar to those found with APC immunolabeling were obtained with both additional markers of oligodendrocytes.
Preservation of severed axons accompanies reduced oligodendrocyte death in Wld
s mice To confirm that the damaged axons of Wld s mice do indeed survive for 8 d after hemisection, we submitted a subset of C57BL/6J mice and Wld s mice to antereograde BDA labeling of the LVST 5 d before the SCI. Preliminary work in control mice showed that this 5 d interval is sufficient for labeling the entire length of the LVST, and that the label persists for at least 8 d after hemisection. In C57BL/6J mice and Wld s mice, we observed persistent and complete labeling of fibers in the lateral columns of white matter in the intact side of the cord 13 d after labeling (8 d after hemisection). On the hemisected side, the number of labeled caudal fibers was markedly reduced in C57BL/6J mice but remained normal in Wld s mice ( p Ͻ 0.05; two-way ANOVA; each group, n ϭ 4, C57BL/6J mice vs Wld s mice) (Fig. 7 B, C) . (Fig. 7C) . 
The reduction in oligodendrocyte death in Wld s mice is transient
Parallel groups of hemisected C57BL/6J mice and Wld s mice were examined as before, but the time to kill was extended from 8 to 30 d after injury. In C57BL/6J mice, delayed oligodendrocyte death appears to continue between 8 and 30 d after hemisection, particularly in distal zones rostral and caudal to the hemisection (Fig 3A) . The progressive loss of oligodendrocytes after 8 d of injury is consistent with the continued loss of oligodendrocytes observed in the second week after contusion SCI (Liu et al., 1997) . It is possible that delayed oligodendrocyte death continues beyond the 7 mm zone distal to the hemisection measured in the current study.
We predicted that the eventual death of severed axons preserved in the Wld s mice group for at least 8 d after injury would cause the demise of oligodendrocytes that survived while the axons were still alive. A comparison of the Wld s group killed 30 d after hemisection with those killed at 8 d confirmed this prediction (Fig. 3B) . The selective preservation of oligodendrocytes on the hemisected side of the cord at 8 d was not seen at 30 d, when the number of oligodendrocytes remaining on the hemisected side of Wld s mice was similar to that in C57BL control mice (Fig.  3C,D) . Histological examination revealed fewer LVST axons at 30 d than at 8 d (data not shown).
Delayed oligodendrocyte death is reduced in Bax-deficient mice As in the above experiments with control mice, the number of APC ϩ oligodendrocytes but not NeuN ϩ neurons (Fig. 8 A, B ) was reduced in regions that were 3-7 mm from the injury site on the injured side in wild-type (Baxϩ/ϩ) mice (Fig. 9 A, C) . In contrast, APC ϩ oligodendrocyte numbers were preserved in BaxϪ/Ϫ mice at 8 d after hemisection injury (Fig. 9 B, D) . Loss of APC ϩ oligodendrocytes in region 1 (0 -2 mm), immediately surrounding the hemisection epicenter, was not attenuated in BaxϪ/Ϫ mice, as might be expected if the cells died by necrosis after acute mechanical injury. Substantial preservation of APC ϩ cells (only a 9% loss) was evident in the BaxϪ/Ϫ mice, whereas a 45% loss was observed in the Baxϩ/ϩ mice. In additional studies, The mean number of BDA-labeled fibers in the intact side of the cord was 19.5 Ϯ 3 per section. There were consistently fewer BDA-labeled fibers on the side distal to the injury in C57BL/6J mice (mean, 5 Ϯ 1.5; A, C) than in similarly treated Wld s mice (mean, 16 Ϯ 2; B, C), which had a more normal complement of labeled fibers. Significant differences between groups existed 5 mm rostral and caudal to the hemisection injury site for both BDA-labeled fibers and glial numbers (C; data represent mean Ϯ SEM; n ϭ 4; p Ͻ 0.05; Wld s vs corresponding C57BL/6J group; ANOVA with Fishers PLSD post hoc test). Scale bar, 50 m. the preservation of oligodendrocytes on the side of hemisection in BaxϪ/Ϫ mice at 8 d after injury was still present at 30 d after injury (Fig. 10) . Therefore, the effect of Bax deletion was not simply to delay oligodendrocyte death, but death appears to have been prevented long-term.
Postnatal BaxϪ/Ϫ mice have more spinal motoneurons than Baxϩ/ϩ mice, because they lose fewer neurons during development (White et al., 1998) ; the Bax mutation might also help regulate glial numbers during development. However, in the present study, quantitative analysis demonstrated that wild-type Baxϩ/ϩ mice and BaxϪ/Ϫ mice had similar numbers of NeuN ϩ neurons and APC ϩ oligodendrocytes on the intact side of the cord in adult mice (Fig. 9) . Previous studies examining developmental regulation of cell numbers compared postnatal animals, and comparisons of adults have not been described previously and appear to differ from postnatal events.
Oligodendrocytes cultured from Bax-deficient mice are resistant to apoptosis but not to excitotoxic necrosis To further understand the genetic selectivity of Bax deficiency, we examined the vulnerability of sister cultures derived from BaxϪ/Ϫ, BaxϪ/ϩ, and Baxϩ/ϩ mice to agents known to induce apoptosis (staurosporine, cyclosporin A) or necrosis (kainate) in oligodendrocytes (McDonald et al., 1996 (McDonald et al., , 1998 . Mixed glial cultures were derived from P2-P3 BaxϪ/Ϫ, Baxϩ/Ϫ, and Baxϩ/ϩ mice. Sister cultures (21 DIV) were exposed to 10 M cyclosporin A, 10 nM staurosporine, 300 M kainate, or a sham wash for 24 hr, and the number of viable Gal-C ϩ cells was determined (n ϭ 3-5 cultures; values are expressed as a percentage of viable Gal-C ϩ cells in corresponding wash-control cultures). Consistent with our previous work, Gal-C ϩ oligodendrocytes derived from Baxϩ/ϩ or BaxϪ/ϩ mice but not BaxϪ/Ϫ mice were highly vulnerable to apoptotic death induced by cyclosporin A or staurosporine (Fig. 11) (McDonald et al., 1996) . Staurosporine killed the majority of oligodendrocytes in cultures derived from Baxϩ/ϩ mice but not BaxϪ/Ϫ mice ( p Ͻ 0.05; independent Student's t test; Baxϩ/ϩ vs BaxϪ/Ϫ cultures; n ϭ 4; Gal-C ϩ cell survival: 15 Ϯ 5% Baxϩ/ϩ cultures survival vs 93 Ϯ 6% BaxϪ/Ϫ cultures survival). In contrast, all three Bax groups were similarly vulnerable to excitotoxic death induced by a 24 hr exposure to 300 M kainate (Gal-C ϩ cell survival, 29 Ϯ 7% Baxϩ/ϩ vs 32 Ϯ 5% Baxϩ/Ϫ vs 26 Ϯ 7% BaxϪ/Ϫ cultures; n ϭ 4).
Discussion
This study advanced our understanding of the mechanisms of oligodendrocyte death after SCI. The major findings are that mouse spinal cord oligodendrocytes die by apoptosis over a protracted period after hemisection, that this death is dependent on Bax expression, and it does not occur while severed axons survive (in Wld s mice). However, the preservation of oligodendrocytes in Wld s mice observed at 8 d after hemisection is transient, and oligodendrocytes are eventually lost in association with the predicted loss of severed axons by 30 d after injury. The data demonstrate additional new findings including the following: (1) oligodendrocyte apoptotic death continues to occur from 8 -30 d after hemisection injury in control mice, (2) Bax deletion does not appear to regulate oligodendrocyte numbers (or spinal cord neuronal numbers) in the thoracic cord when examined at the adult stage, and (3) oligodendrocytes derived from BaxϪ/Ϫ mice but not Baxϩ/ϩ mice are resistant to cyclosporin A or staurosporine (agents that normally induce apoptosis in oligodendrocytes) but remain vulnerable to kainite-induced necrosis death.
We detected a prominent phase of oligodendrocyte death 8 d after injury at sites up to 7 mm distal to the hemisection injury, and the delayed oligodendrocyte death continued in the period of 8 -30 d. We used multiple methods including APC, MBP, Rip immunocytochemistry, Nissl staining, and electron microscopy to identify loss of oligodendrocytes to overcome the potential problem of downregulation of immunohistochemical markers resulting from injury, as demonstrated previously for proteolipid protein in mature oligodendrocytes in the optic nerve after nerve transection (McPhilemy et al., 1990 (McPhilemy et al., , 1991 . The mode by which oligodendrocytes were dying was identified using biochemical, genetic, and ultrastructural characteristics and was found to be most consistent with apoptosis: anti-activated caspase-3 expression, prevention by absence of Bax, and typical ultrastructural features of apoptosis. Death of these distal oligodendrocytes was delayed in mice carrying the Wld s mutation, which exhibit markedly delayed Wallerian degeneration of axons. In Wld s mice, distant oligodendrocytes were still alive 8 d after hemisection injury, a time when severed axons remain anatomically, and presumably physiologically, intact. However, this preservation of oligodendrocytes was temporary, because the oligodendrocytes died when the spinal cord was examined 30 d after hemisection, when severed axons degenerated.
In addition, oligodendrocyte death was prevented in BaxϪ/Ϫ mice, both at 8 and 30 d after hemisection injury. Cultured oligodendrocytes derived from BaxϪ/Ϫ mice were resistant to apoptosis induced by cyclosporin A and staurosporine, agents that induce apoptosis in cultured oligodendrocytes (McDonald et al., 1996) but remained vulnerable to excitotoxic necrosis death induced by exposures to kainate. This latter finding also supports the apoptosis nature of oligodendrocyte death observed in vivo, because death of oligodendrocytes was prevented in BaxϪ/Ϫ mice only in the segments distal to hemisection (3-7 mm) but not in the immediate area of necrosis surrounding the hemisection (1-2 mm).
Previous studies (Crowe et al., 1997; Liu et al., 1997; Shuman et al., 1997; Casha et al., 2001) have demonstrated that delayed oligodendrocyte death occurs in rats, monkeys, and perhaps humans (Emery et al., 1998) after SCI, and that such death exhibits ultrastructural features of apoptosis. Here, we demonstrate that apoptotic death also occurs in a mouse model of SCI hemisection.
However, the immunological and anatomical response of the injured spinal cord is different between mice and rats. In mice, the injury epicenter is limited to a small area surrounding the initial injury and is characterized by hypervascularization, the presence of large macrophages and fibroblast, and the rare formation of a central cavity or cyst (Zhang et al., 1996) . In contrast, in rats, the injury epicenter is more broadly distributed, and central cavity formation is common (Schwab and Bartholdi, 1997) . Thus, we chose a zone of 3-7 mm outside the epicenter in our mouse model as the secondary injury area. Active cell loss was still evident 8 d after injury, as shown by ultrastructural findings and expression of anti-activated caspase-3. We fulfilled genetic criteria for apoptosis by using BaxϪ/Ϫ mice to demonstrate that oligodendrocyte death required Bax expression. Together, the ultrastructural, biochemical, and genetic data provide the most advanced and convincing evidence for the apoptotic nature of delayed oligodendrocyte death in rodent models of SCI.
It is generally accepted, but unproven, that apoptotic death of oligodendrocytes in white matter relates to Wallerian degeneration of axons damaged by the initial injury (Beattie et al., 2000) . The present study offers the first direct evidence that survival of severed axons prevents oligodendrocyte death after hemisection SCI. The Wld s mice served as a unique tool for investigating this question. Whereas axons of wild-type mice begin to degenerate 1-2 d after transection, those of Wld s mice remain functional for 14 d, generating action potentials and exhibiting axonal transport (Perry et al., 1990 . Our antereograde labeling of the LVST in Wld s mice confirmed the predicted persistence of transected axons 8 d after hemisection. We also found near-normal numbers of glia and oligodendrocytes (APC ϩ cells) in the injured side of the cord at this same interval of 8 d after injury. Therefore, the persistence of functional but severed axons is sufficient to support oligodendrocyte survival, despite the ongoing secondary injury associated with hemisection. All other events initiated by hemisection still occur in Wld s mice: neurons and glia within 1 mm of the lesion undergo acute mechanical death, and an inflammatory cascade ensues. We acknowledge that preservation of severed axons and their oligodendrocytes alters the environment around the injury site, reducing macrophage infiltration and scar production (Zhang et al., 1998) . Nevertheless, this model currently provides the best support for the hypothesis that oligodendrocyte death is initiated by the death of severed axons. Because spinal oligodendrocytes myelinate multiple axons (ϳ10 -20), it is interesting to speculate how many axons are required to be lost to initiate oligodendrocyte death.
In this study, we also used BaxϪ/Ϫ adult mice and oligodendrocyte cultures derived from BaxϪ/Ϫ mice to assess the role of Bax in oligodendrocyte death. Considerably fewer oligodendrocytes were lost from the BaxϪ/Ϫ mice than from the Baxϩ/ϩ mice. We also evaluated the specificity of the Bax deletion to apoptotic death by exposing cultured oligodendrocytes to cyclosporin A, staurosporine, or kainate. Oligodendrocytes derived from BaxϪ/Ϫ mice and cultured in mixed glial systems were resistant to apoptotic death (cyclosporin A, staurosporine) but not to excitotoxic necrotic death (kainate). These data are consistent with similar protection seen in cortical neurons of BaxϪ/Ϫ mice (Snider et al., 1999) . Our in vivo and in vitro experiments with BaxϪ/Ϫ mice provide the first evidence that delayed oligodendrocyte death requires Bax gene expression.
Little is known about the roles of Bax in glial survival and death, either during development or after CNS injury, although previous work has indicated that Bcl-2 overexpression prevents neuronal loss after traumatic brain injury (Raghupathi et al., 1998) or SCI (Lou et al., 1998; Takahashi et al., 1999; Saavedra et al., 2000) . Examination of optic and sciatic nerves at P4 from BaxϪ/Ϫ and wild-type littermates uncovered no substantial difference in mean numbers of terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labelingpositive cells (White et al., 1998) , suggesting that BaxϪ/Ϫ does not prevent the naturally occurring cell death of non-neuronal cells at P4. These observations are not in keeping with our findings that the numbers of spinal cord oligodendrocytes are not altered in BaxϪ/Ϫ mice compared with Baxϩ/ϩ mice. It is therefore possible that Bax has different functions under physiological and pathological conditions in glial cells. Interestingly, we also did not find a change in the number of spinal cord neurons, which is in contrast to the increased numbers of sensory neurons observed previously in postnatal mice (White et al., 1998) . This finding may be explained by a preferential developmental effect of Bax on sensory neurons, or that the preservation of the neurons normally dying during development is transient, and they are eventually lost by the adult stage.
Most potential causes of delayed apoptotic death of oligodendrocytes after SCI can be categorized into the following two groups: loss of critical survival factors and production of toxic factors. Maintenance of trophic support is critical to oligodendrocyte survival, and degeneration of damaged axons after SCI would predictably reduce trophic support (Barres et al., 1993) . In vivo and in vitro studies have indicated that insulin and insulinlike growth factors, neurotrophin-3, and ciliary-neurotrophic factor are the most important factors for oligodendrocyte survival (Barres et al., 1992 (Barres et al., , 1993 . Potentially toxic molecules released from degenerating axons include TNF-␣ and glutamate (McDonald et al., 1998 ; for review, see Beattie et al., 2000) . Processes initiated by injury, such as microglial activation and infiltration of inflammatory cells, can also injure white matter (Crowe et al., 1997; Shuman et al., 1997; Popovich et al., 1999) .
The current experiments provide direct evidence that delayed oligodendrocyte death relates to axonal loss and depends on Bax expression. Defining the mechanisms underlying this process will be therapeutically important, because such death likely contributes to spinal cord dysfunction via segmental axonal demyelination-dysmyelination (McDonald and Sadowsky, 2002) . Because each oligodendrocyte myelinates segments of 10 -20 different axons, and because the delayed death of oligodendrocytes occurs in distant and relatively preserved regions of the cord, loss of a single oligodendrocyte will produce segmental demyelination and dysfunction in an exponential number of axons. Additional studies on the long-term survival of oligodendrocytes and the potential impact on functional recovery of preventing delayed oligodendrocyte death will now be important. Although the pathophysiology of oligodendrocyte death is complicated (Ludwin, 1997) , our findings offer new ways to prioritize mechanistic investigations. Such studies should permit the rationale design of genetic approaches to reducing delayed cell death to examine the role of demyelination in CNS dysfunction and toward perhaps improving functional outcomes in SCI.
